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cardiac signal. The irregularity parameter is indicative of the 
degree of cycle length irregularity of the cardiac signal and 
the complexity parameter is indicative of the degree of mor 
phological complexity of the cardiac signal. One example of 
the irregularity parameter is an irregularity sample entropy, or 
a parameter related to the irregularity sample entropy, com 
puted to indicate the cycle length irregularity. One example of 
the complexity parameter is a complexity sample entropy, or 
a parameter related to the complexity sample entropy, com 
puted to indicate the morphological complexity. In one 
embodiment, the detected arrhythmia episode is classi?ed 
using both the irregularity parameter and the complexity 
parameter. 
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METHOD AND APPARATUS FOR CARDIAC 
ARRHYTHMIA CLASSIFICATION USING 

SAMPLE ENTROPY 

TECHNICAL FIELD 

This document relates generally to cardiac rhythm man 
agement (CRM) systems and particularly, but not by Way of 
limitation, to such a system providing for classi?cation of 
arrhythmias based on cycle length irregularity and morpho 
logical complexity of a cardiac signal. 

BACKGROUND 

The heart is the center of a person’s circulatory system. The 
left portions of the heart, including the left atrium and left 
ventricle, draW oxygenated blood from the lungs and pump it 
to the organs of the body to provide the organs With their 
metabolic needs for oxygen. The right portions of the heart, 
including the right atrium and right ventricle, draW deoxy 
genated blood from the body organs and pump it to the lungs 
Where the blood gets oxygenated. These mechanical pumping 
functions are accomplished by contractions of the heart. In a 
normal heart, the sinoatrial node, the heart’s natural pace 
maker, generates electrical impulses that travel through nor 
mal electrical conduction pathWays to cause the atria, and 
then the ventricles, to contract. 

Tachyarrhythmia occurs When electrical impulses are gen 
erated from one or more abnormal electrical foci and/ or When 

abnormal electrical conduction loops are formed in the heart. 
When tachyarrhythmia occurs, the heart contracts at a rate 
higher than a normal heart rate. When the heart rate rises 
beyond a certain point, the atria and/or the ventricles do not 
have su?icient time to be ?lled With blood before each con 
traction occurs. Consequently, the heart fails to pump sul? 
cient blood to the body organs to meet their metabolic 
demand. Tachycardia, such as atrial ?utter (AFL) or ventricu 
lar tachycardia (VT), occurs When the heart contracts at a 
tachyarrhythmia rate With a substantially regular rhythm. 
Fibrillation, such as atrial ?brillation (AF) or ventricular 
?brillation (V F), occurs When the heart contracts at a tach 
yarrhythmia rate With a substantially irregular rhythm. VF is 
a life threatening condition requiring immediate medical 
treatment such as ventricular de?brillation. AF, though not 
directly life threatening, also needs medical treatment such as 
atrial de?brillation to restore a normal cardiac function and to 
prevent the deterioration of the heart. 

Implantable medical devices such as implantable cardio 
verter/de?brillators (ICDs) are used to treat tachyarrhyth 
mias, including tachycardia and ?brillation. ICDs are capable 
of delivering de?brillation shock pulses.Various types of ICD 
are also capable of delivering pacing pulses. Because a 
de?brillation shock pulse carries a substantial amount of 
energy and causes substantial discomfort to the patient, it is to 
be used only When considered necessary. For example, a 
knoWn type ICD delivers anti-tachycardia pacing (ATP) 
therapy in response to a detection of tachycardia. Only if the 
ATP therapy fails to restore a normal cardiac rhythm, a 
de?brillation shock pulse is delivered. In response to a detec 
tion of ?brillation, on the other hand, a de?brillation shock 
pulse is delivered Without delivering the ATP therapy. 
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2 
Thus, to determine a suitable type of therapy in response to 

a detection of tachyarrhythmia, there is a need to classify that 
tachyarrhythmia, such as by discriminating betWeen tachy 
cardia and ?brillation. 

SUMMARY 

An implantable medical device includes an arrhythmia 
detection and classi?cation system that classi?es an arrhyth 
mia episode based on an irregularity parameter and/or a com 
plexity parameter. The arrhythmia episode is detected from a 
cardiac signal. The irregularity parameter is indicative of the 
degree of cycle length irregularity of the cardiac signal and 
the complexity parameter is indicative of the degree of mor 
phological complexity of the cardiac signal. One example of 
the irregularity parameter is an irregularity sample entropy, or 
a parameter related to the irregularity sample entropy, com 
puted to indicate the cycle length irregularity. One example of 
the complexity parameter is a complexity sample entropy, or 
a parameter related to the complexity sample entropy, com 
puted to indicate the morphological complexity. 

In one embodiment, a system for classifying cardiac 
arrhythmias includes a signal input, an irregularity analyZer, 
a complexity analyZer, and an arrhythmia classi?er. The sig 
nal input receives a cardiac signal indicative of an arrhythmia 
episode. The irregularity analyZer produces an irregularity 
parameter indicative of a degree of cycle length irregularity of 
the cardiac signal. The complexity analyZer produces a com 
plexity parameter indicative of a degree of morphological 
complexity of the cardiac signal. The arrhythmia classi?er 
classi?es the arrhythmia episode based on the irregularity 
parameter and the complexity parameter. 

In one embodiment, a method for classifying cardiac 
arrhythmias is provided. An arrhythmia episode is detected. A 
cardiac signal indicative of the arrhythmia episode is 
received. An irregularity parameter indicative of a degree of 
cycle length irregularity of the cardiac signal is computed. A 
complexity parameter indicative of a degree of morphologi 
cal complexity of the cardiac signal is computed. The arrhyth 
mia episode is classi?ed based on the irregularity parameter 
and the complexity parameter. 

This Summary is an overvieW of some of the teachings of 
the present application and not intended to be an exclusive or 
exhaustive treatment of the present subject matter. Further 
details about the present subject matter are found in the 
detailed description and appended claims. Other aspects of 
the invention Will be apparent to persons skilled in the art 
upon reading and understanding the folloWing detailed 
description and vieWing the draWings that form a part thereof, 
each of Which are not to be taken in a limiting sense. The 
scope of the present invention is de?ned by the appended 
claims and their legal equivalents. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The draWings, Which are not necessarily draWn to scale, 
illustrate generally, by Way of example, but not by Way of 
limitation, various embodiments discussed in the present 
document. 

FIG. 1 is an illustration of one embodiment of a CRM 
system and portions of the environment in Which the CRM 
system operates. 

FIG. 2 is a block diagram illustrating an embodiment of a 
sample entropy-based tachyarrhythmia detection and classi 
?cation system that is part of the CRM system. 

FIG. 3 is a block diagram illustrating an embodiment of an 
arrhythmia classi?cation module. 
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FIG. 4 is a How chart illustrating an embodiment of a 
method for computing sample entropy. 

FIG. 5 is a block diagram illustrating an embodiment of a 
sample entropy computer. 

FIG. 6 illustrates an embodiment of a method for sampling 
a cardiac signal for analyzing cycle length irregularity of the 
cardiac signal using sample entropy. 

FIG. 7 is a block diagram illustrating an embodiment of a 
sample entropy-based tachyarrhythmia classi?cation mod 
ule. 

FIG. 8 illustrates an embodiment of a method for sampling 
a cardiac signal for analyZing morphological complexity of 
the cardiac signal using sample entropy. 

FIG. 9 is a block diagram illustrating another embodiment 
of the sample entropy-based tachyarrhythmia classi?cation 
module. 

FIG. 10 is a block diagram illustrating another embodiment 
of the sample entropy-based tachyarrhythmia classi?cation 
module. 

FIG. 11 is a How chart illustrating an embodiment of a 
method for classifying tachyarrhythmias based on cycle 
length irregularity and morphological complexity. 

FIG. 12 is a How chart illustrating an embodiment of the 
method for classifying tachyarrhythmias using sample 
entropy. 

FIG. 13 is a How chart illustrating another embodiment of 
the method for classifying tachyarrhythmias using sample 
entropy. 

DETAILED DESCRIPTION 

In the folloWing detailed description, reference is made to 
the accompanying draWings Which form a part hereof, and in 
Which is shoWn by Way of illustration speci?c embodiments 
in Which the invention may be practiced. These embodiments 
are described in su?icient detail to enable those skilled in the 
art to practice the invention, and it is to be understood that the 
embodiments may be combined, or that other embodiments 
may be utiliZed and that structural, logical and electrical 
changes may be made Without departing from the spirit and 
scope of the present invention. References to “an”, “one”, or 
“various” embodiments in this disclosure are not necessarily 
to the same embodiment, and such references contemplate 
more than one embodiment. The folloWing detailed descrip 
tion provides examples, and the scope of the present invention 
is de?ned by the appended claims and their legal equivalents. 

This document discusses, among other things, a tach 
yarrhythmia detection and classi?cation system that classi?es 
tachyarrhythmias based on cycle length irregularity and/or 
morphological complexity of a cardiac signal. The classi?ca 
tion of a detected tachyarrhythmia episode provides a basis 
for selecting a suitable therapy, When needed, to terminate 
that tachyarrhythmia episode. In one embodiment, the system 
analyZes the degree of cycle length irregularity of the cardiac 
signal and the degree of morphological complexity of the 
cardiac signal and discriminates betWeen tachycardia and 
?brillation When at least one of the degree of cycle length 
irregularity and the degree of morphological complexity 
exceeds a limit. In one embodiment, an irregularity sample 
entropy, or a parameter related to the irregularity sample 
entropy, is computed to indicate the cycle length irregularity. 
In one embodiment, a complexity sample entropy, or a param 
eter related to the complexity sample entropy, is computed to 
indicate the morphological complexity. In one embodiment, 
the system computes an irregularity parameter indicative of 
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4 
the degree of cycle length irregularity and a complexity 
parameter indicative of the degree of morphological com 
plexity. 
The relationship betWeen a heart rate and a cardiac cycle 

length (also knoWn as cardiac interval), as used in this docu 
ment, is the relationship betWeen a frequency and its corre 
sponding period. If a heart rate is given in beats per minute 
(bpm), its corresponding cardiac cycle length in milliseconds 
is calculated by dividing 60,000 by the heart rate (Where 
60,000 is the number of milliseconds in a minute). Any pro 
cess, such as a comparison, using a heart rate is to be modi?ed 
accordingly When a cardiac cycle length is used instead. For 
example, if a tachyarrhythmia is detected When the ventricu 
lar rate exceeds a tachyarrhythmia threshold rate, an equiva 
lent process is to detect the tachyarrhythmia When the ven 
tricular cycle length falls beloW a tachyarrhythmia threshold 
interval. The appended claims should be construed to cover 
such variations. 

FIG. 1 is an illustration of one embodiment of a CRM 
system 100 and portions of the environment in Which CRM 
system 100 operates. CRM system 100 includes an implant 
able medical device 101 that is electrically coupled to a heart 
199 through leads 105 and 110. An external system 102 
communicates With implantable medical device 101 via a 
telemetry link 103. In one embodiment, implantable medical 
device 101 is an ICD. In a speci?c embodiment, implantable 
medical device 101 is an ICD that has pacing capabilities. In 
various embodiments, implantable medical device 101 
includes a cardioversion/de?brillation circuit and one or 
more additional therapeutic and/ or monitoring circuits and/ or 
devices. Examples of such therapeutic and/or monitoring cir 
cuits and/or devices include a pacing circuit, a neural stimu 
lation circuit, a drug delivery device, a drug delivery control 
ler, a biologic therapy delivery device, and a biologic therapy 
controller. 

Implantable medical device 101 includes a hermetically 
sealed can housing an electronic circuit that senses physi 
ological signals and delivers therapeutic electrical pulses. 
The hermetically sealed can also functions as an electrode for 
sensing and/or pulse delivery purposes. In one embodiment, 
as illustrated in FIG. 1, the electronic circuit senses at least an 
atrial electrogram and a ventricular electrogram from heart 
199 and delivers pacing and cardioversion/de?brillation 
pulses to heart 199. Lead 105 is a pacing lead that includes a 
proximal end 106 connected to implantable medical device 
101 and a distal end 107 disposed in the right atrium (RA) of 
heart 199. A pacing-sensing electrode 108 is located at distal 
end 107. Another pacing-sensing electrode 109 is located 
near distal end 107. Electrodes 108 and 109 are electronically 
connected to implantable medical device 101 via separate 
conductors in lead 105 to alloW sensing of the atrial electro 
gram and/or delivery of atrial pacing pulses. Lead 110 is a 
de?brillation lead that includes a proximal end 111 connected 
to implantable medical device 101 and a distal end 112 dis 
posed in the right ventricle (RV) of heart 199. A pacing 
sensing electrode 113 is located at distal end 112. A de?bril 
lation electrode 114 is located near distal end 112 but 
electrically separated from pacing-sensing electrode 113. 
Another de?brillation electrode 115 is located at a distance 
from distal end 112 for supraventricular placement. Elec 
trodes 113, 114, and 115 are electrically connected to 
implantable medical device 101 via separate conductors in 
lead 110. Electrode 113 alloWs sensing of the ventricular 
electrogram and/or delivery of ventricular pacing pulses. 
Electrodes 114 and 115 alloW delivery of cardioversion/ 
de?brillation pulses. In various embodiments, system 101 
includes one or more leads each including one or more elec 
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trodes, depending on the requirements of the intended therapy 
and the functions of implantable medical device 101. Leads 
105 and 110 are illustrated as examples of such leads.Another 
example is an atrial lead similar to lead 105 With one or more 
electrodes con?gured for delivering atrial cardioversion/ 
de?brillation pulses. 

Implantable medical device 101 includes a sample 
entropy-based tachyarrhythmia detection and classi?cation 
system 120 that includes a sample entropy-based tach 
yarrhythmia classi?cation module. The sample entropy 
based tachyarrhythmia classi?cation module discriminates 
betWeen tachycardia and ?brillation based on a degree of 
irregularity and/ or a degree of complexity of a cardiac signal 
such as the atrial electrogram or the ventricular electrogram. 
The degree of irregularity and the degree of complexity are 
each indicated by a sample entropy or a parameter related to 
the sample entropy. Depending on the outcome of the tach 
yarrhythmia detection and classi?cation, system 120 deter 
mines Whether to deliver a pacing and/or cardioversion/ 
de?brillation therapy. In one embodiment, sample entropy 
based tachyarrhythmia detection and classi?cation system 
120 classi?es a detected atrial tachyarrhythmia by discrimi 
nating betWeen AFL and AF. If the detected tachyarrhythmia 
is classi?ed as AFL, implantable medical device 101 delivers 
an atrial ATP. If the detected tachyarrhythmia is classi?ed as 
AF, implantable medical device 101 delivers an atrial de?bril 
lation pulse. In one embodiment, sample entropy-based tach 
yarrhythmia detection and classi?cation system 120 classi?es 
a detected tachyarrhythmia by discriminating betWeen VT 
and VP. If the detected tachyarrhythmia is classi?ed as VT, 
implantable medical device 101 delivers a ventricularATP. If 
the detected tachyarrhythmia is classi?ed as VP, implantable 
medical device 101 delivers a ventricular de?brillation pulse. 

External system 102 alloWs for programming of implant 
able medical device 101 and receives signals acquired by 
implantable medical device 1 01. In one embodiment, external 
system 102 includes a programmer. In another embodiment, 
external system 102 is a patient management system includ 
ing an external device in proximity of implantable medical 
device 101, a remote device in a relatively distant location, 
and a telecommunication netWork linking the external device 
and the remote device. The patient management system 
alloWs access to implantable medical device 101 from a 
remote location, such as for monitoring patient status and 
adjusting therapies. In one embodiment, telemetry link 103 is 
an inductive telemetry link. In an alternative embodiment, 
telemetry link 103 is a far-?eld radio-frequency telemetry 
link. Telemetry link 103 provides for data transmission from 
implantable medical device 101 to external system 102. This 
may include, for example, transmitting real-time physiologi 
cal data acquired by implantable medical device 101, extract 
ing physiological data acquired by and stored in implantable 
medical device 101, extracting therapy history data stored in 
implantable medical device 101, and extracting data indicat 
ing an operational status of implantable medical device 101 
(e. g., battery status and lead impedance). Telemetry link 103 
also provides for data transmission from external system 102 
to implantable medical device 101. This may include, for 
example, programming implantable medical device 101 to 
acquire physiological data, programming implantable medi 
cal device 101 to perform at least one self-diagnostic test 
(such as for a device operational status), and programming 
implantable medical device 101 to deliver pacing and/ or car 
dioversion/de?brillation therapies. 

FIG. 2 is a block diagram illustrating an embodiment of 
sample entropy-based tachyarrhythmia detection and classi 
?cation system 120. System 120 includes a sensing circuit 
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221, a rate detector 222, a tachyarrhythmia detector 223, and 
a sample entropy-based tachyarrhythmia classi?cation mod 
ule 224. Sensing circuit 221 is electrically coupled to heart 
199 through one or more electrodes to sense atrial and/or 

ventricular electrograms. The atrial electrogram includes 
atrial events each indicative of an atrial depolarization, also 
knoWn as a P-Wave. The ventricular electrogram includes 
ventricular events each indicative of a ventricular depolariza 
tion, also knoWn an R-Wave. Rate detector 222 detects an 
atrial rate based on the atrial electrogram and/ or a ventricular 
rate based on the ventricular electrogram. The atrial rate is the 
frequency of occurrence of the atrial events. The ventricular 
rate is the frequency of occurrence of the ventricular events. 
In one embodiment, the atrial and ventricular rates are each 
expressed in beats per minute (bpm), i.e., number of detected 
atrial or ventricular depolarizations per minute. Tach 
yarrhythmia detector 223 detects a tachyarrhythmia based on 
at least one of the atrial rate and the ventricular rate. In one 

embodiment, the tachyarrhythmia is detected When the atrial 
rate exceeds a predetermined tachyarrhythmia threshold rate. 
In another embodiment, the tachyarrhythmia is detected 
When the ventricular rate exceeds a predetermined tach 
yarrhythmia threshold rate. In one embodiment, tach 
yarrhythmia detector 223 further determines Whether the 
tachyarrhythmia is an atrial tachyarrhythmia or a ventricular 
tachyarrhythmia. Sample entropy-based tachyarrhythmia 
classi?cation module 224 classi?es the detected tach 
yarrhythmia as one of tachycardia and ?brillation. 

In one embodiment, system 120 is part of an atrial de?bril 
lation device. Sensing circuit 221 senses an electrogram 
indicative of atrial tachyarrhythmia. Rate detector 222 detects 
an atrial rate based on that electrogram. Tachyarrhythmia 
detector 223 detects an atrial tachyarrhythmia based on the 
atrial rate. Sample entropy-based tachyarrhythmia classi?ca 
tion module 224 classi?es the detected atrial tachyarrhythmia 
as one of AFL and AP. 

In one embodiment, system 120 is part of a ventricular 
de?brillation device. Sensing circuit 221 senses an electro 
gram indicative of ventricular tachyarrhythmia. Rate detector 
222 detects a ventricular rate based on that electrogram. Tach 
yarrhythmia detector 223 detects a ventricular tachyarrhyth 
mia based on the ventricular rate. Sample entropy-based tach 
yarrhythmia classi?cation module 224 classi?es the detected 
ventricular tachyarrhythmia as one of VT and VP. 

FIG. 3 is a block diagram illustrating an embodiment of an 
arrhythmia classi?cation module 324. Arrhythmia classi?ca 
tion module 324 includes a signal input 326, an irregularity 
analyZer 327, a complexity analyZer 328, and an arrhythmia 
classi?er 330. Signal input 326 receives a cardiac signal 
indicative of a detected arrhythmia episode. Irregularity ana 
lyZer 327 produces an irregularity parameter indicative of the 
degree of cycle length irregularity of the cardiac signal. Com 
plexity analyZer 328 produces a complexity parameter 
indicative of the degree of morphological complexity of the 
cardiac signal. Arrhythmia classi?er 330 classi?es the 
detected arrhythmia episode based on the irregularity param 
eter and the complexity parameter. 

In one embodiment, arrhythmia classi?cation module 324 
performs a sample entropy computation to produce the 
irregularity parameter and the complexity parameter. The 
irregularity parameter and the complexity parameter are each 
a sample entropy or a parameter related to the sample therapy. 
In this embodiment, sample entropy-based tachyarrhythmia 
classi?cation module 224 is a speci?c embodiment of 
arrhythmia classi?cation module 324. 
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Sample Entropy (SampEn) 
Sample entropy (SampEn) is a statistical measure of 

irregularity or complexity of a signal or system. A smaller 
SampEn indicates a loWer degree of irregularity or a loWer 
degree of complexity. A larger SampEn indicates a higher 
degree of irregularity or a higher degree of complexity. 
Examples of using SampEn in physiological signal analysis, 
including the advantages, are discussed in Lake et al., Am. J. 
Physiol. Regul. Integr. Comp. PhysioL, 283: R789-97 (2002) 
and Richman et al., Am. J. Physiol. Heart Circ. Physiol, 278: 
H2039-49 (2000). 
SampEn is computed for a signal recorded over a certain 

length of time to indicate the degree of irregularity and/or the 
degree of complexity of that signal. The signal is digitized 
into a sequence ofn samples: u(1), u(2), . . . u(n). In one 

embodiment, the sequence is a sequence of scalars, i.e., each 
sample u(i) is a scalar. In another embodiment, the sequence 
is a sequence of vectors, i.e., each sample u(i) is a vector of p 
scalars: u(i):[u 1(i), u2(i), . . . up(i)]. The folloWing discussion 
of SampEn computation applies for u(1), u(2), . . . u(n) being 
either a set of n scalars or a set of n vectors. 

The sequence is divided into n—m+l signal segments each 
including m samples and given as xm(i):[u(i), u(i+l), . . . 
u(i+m—l)], Where l§i§(n—m+l), and m is a number smaller 
than n and represents the length of each signal segment. A 
vector matching score Dm(i, j) betWeen xm(j) and xm(i) (j#i), 
Which provides for a measure of similarity betWeen the tWo 
signal segments, is given as follows: 

0, otherwise, 

Where L is the maximum difference betWeen corresponding 
components of signal segment xm(j) and xm(i), given by: 

(2) 

and r is a threshold. In one embodiment, the parameters n, m, 
and r are each empirically determined. L indicates the simi 
larity betWeen signal segments xm(j) and xm(i). 

In one embodiment, SampEn is given by: 

SampEn(n, m, r) : —ln[l“(n, m, r)], (3) 
Where: 

nimil nim (4) 

2 0mm. 1') 
[:1 j:il 

rUhmJ) = i *1 i E [0, 1]. 

Z Z Dm(l 1) 
1:1 j:i+l 

In one embodiment, SampEn is a parameter used to indi 
cate the degree of irregularity or complexity of the signal 
recorded over the certain length of time. SampEn is compared 
With a predetermined entropy threshold 0. If SampEn exceeds 
0, then a detection of irregularity or complexity (i.e., a high 
degree of irregularity or complexity) is indicated. If SampEn 
does not exceed 0, then no detection of irregularity or com 
plexity is indicated. In another embodiment, F is a parameter 
used to indicate the degree of irregularity or complexity. F is 
compared With a predetermined threshold y. If F does not 
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8 
exceed y, then a detection of irregularity or complexity (i.e., a 
high degree of irregularity or complexity) is indicated. If F 
exceeds y, then no detection of irregularity or complexity is 
indicated. Using F instead of SampEn reduces the amount of 
computation by eliminating the logarithmic computation 
step. 

FIG. 4 is a How chart illustrating an embodiment of a 
method 400 for computing sample entropy for the purpose of 
classifying a detected arrhythmia. In one embodiment, 
SampEn is the parameter used in the classi?cation of arrhyth 
mia. In another embodiment, 1“, Which is a parameter related 
to SampEn as discussed above, is the parameter used in the 
classi?cation of arrhythmia. 

Samples ofa signal, u(1), u(2), . . .u(n), are received at 410. 
The samples are taken from a cardiac signal. To analyze the 
cycle length irregularity, the n samples u(1), u(2), . . . u(n) are 
a set of n scalars each representing a cardiac cycle length 
measured from the cardiac signal. To analyze the morpho 
logical complexity, the n samples u(1), u(2), . . . u(n) are a set 
of n vectors each representing a set of morphological features 
related to a cardiac cycle and extracted from the cardiac 
signal. 

Signal segments each including m samples, xm(i):[u(i), 
u(i+l), . . . u(i+m—l)], Where l§i§n—m+l, are produced at 
420. The number m is a predetermined number smaller than n. 
This results in n—m+l signal segments. 

Vector match scores Dm(i, j), are produced for all pairs of i 
and j, Where i#j, at 430, using Equations (1) and (2) and 
threshold r. The pairs of i and j includes all combination of (i, 
j) Where l§i§n—m+l, l§j§n—m+l, and i#j. 

The parameter T is computed using Dm(i, j) according to 
Equation (4) at 440. The parameter F is related to SampEn by 
the relationship given by Equation (3). In one embodiment, F 
is the parameter used in the classi?cation of arrhythmia, and 
there is no need to proceed to step 450 after step 440 is 
completed. 
SampEn is computed using by using P according to Equa 

tion (3) at 450. In one embodiment, SampEn is the parameter 
used in the classi?cation of arrhythmia. 

FIG. 5 is a block diagram illustrating an embodiment of 
sample entropy computer 532. Sample entropy computer 532 
performs method 400 for the classi?cation of arrhythmia. In 
one embodiment, as illustrated in FIG. 5, SampEn is the 
parameter used in the classi?cation of arrhythmia, and 
entropy computer 532 includes a sample input 533 that per 
forms step 410, a signal segment generator 534 that performs 
step 420, a vector matching module 535 that performs step 
430, a F calculator 536 that performs step 440, and a SampEn 
calculator 537 that performs step 450. In another embodi 
ment, F is the parameter used in the classi?cation of arrhyth 
mia, and entropy computer 532 includes a sample input 533 
that performs step 410, a signal segment generator that per 
forms step 420, a vector matching module that performs step 
430, and a F calculator that performs step 440. 

Arrhythmia Classi?cation Based on Irregularity Sample 
Entropy (SampEnI) 

FIG. 6 illustrates an embodiment of a method for sampling 
a cardiac signal 650 for analyzing the cycle length irregularity 
of the cardiac signal using sample entropy. Cardiac signal 650 
includes cardiac depolarizations 651 and is indicative of a 
tachyarrhythmia. In one embodiment, cardiac signal 650 is an 
atrial electrogram, and cardiac depolarizations 651 are each 
an atrial depolarization (P-Wave). In another embodiment, 
cardiac signal 650 is a ventricular electrogram, and cardiac 
depolarizations 651 are each a ventricular depolarization 



US 7,480,529 B2 

(R-Wave). Cardiac cycle lengths d(1), d(2), . . . d(n) are each 
a time interval betWeen tWo adjacent cardiac depolarizations. 

FIG. 7 is a block diagram illustrating a sample entropy 
based tachyarrhythmia classi?cation module 724. Sample 
entropy-based tachyarrhythmia classi?cation module 724 is a 
speci?c embodiment of sample entropy-based tachyarrhyth 
mia classi?cation module 224 and classi?es tachyarrhyth 
mias by analyZing the cycle length irregularity of cardiac 
signal 650. Sample entropy-based tachyarrhythmia classi? 
cation module 724 includes signal input 326, an irregularity 
entropy computer 727, and an arrhythmia classi?er 730. 
Irregularity entropy computer 727 is a speci?c embodiment 
of irregularity analyZer 327 and includes a sample entropy 
computer that performs method 400 by using the cardiac 
cycle lengths d(1), d(2), . . . d(n) as sample points u(1), 
u(2), . . . u(n). The resultant irregularity F (F1) or irregularity 
sample entropy (SampEnI) indicates the degree of cycle 
length irregularity of cardiac signal 650. Arrhythmia classi 
?er 730 classi?es the tachyarrhythmia indicated in cardiac 
signal 650 as one of tachycardia and ?brillation based on I“l 
or SampEnI. In one embodiment, cardiac signal 650 is indica 
tive of tachyarrhythmia, arrhythmia classi?er 730 classi?es 
the tachyarrhythmia as ?brillation if I“, is beloW a predeter 
mined threshold y, or if SampEn, exceeds a predetermined 
threshold 0, and as tachycardia if I“, exceeds y, or if SampEn, 
is beloW 0,. In a speci?c embodiment, cardiac signal 650 is an 
electrogram indicative of atrial tachyarrhythmia, arrhythmia 
classi?er 730 classi?es the atrial tachyarrhythmia as AF if I“, 
is beloW a predetermined threshold y, or if SampEn, exceeds 
a predetermined threshold 0, and as AFL if I“, exceeds Y1 or if 
SampEn, is beloW 01. In another speci?c embodiment, car 
diac signal 650 is an electrogram indicative of ventricular 
tachyarrhythmia, arrhythmia classi?er 730 classi?es the ven 
tricular tachyarrhythmia as VP if I“, is beloW a predetermined 
threshold y, or if SampEn, exceeds a predetermined threshold 
0, and as VT if I“, exceeds y, or if SampEn, is beloW 0,. 

Arrhythmia Classi?cation Based on Complexity Sample 
Entropy (SampEnC) 

FIG. 8 illustrates an embodiment of a method for sampling 
cardiac signal 650 for analyZing the morphological complex 
ity of the cardiac signal using sample entropy. For each of n 
heart beats in cardiac signal 650, a set of morphological 
features are extracted. In one embodiment, a ?ducial point 
that is a characteristic point present in each heart beat is used 
as a time reference point to temporally align the n heart beats, 
and the locations for the set of morphological features in all 
the heart beats are temporally aligned. In one embodiment, 
each morphological feature is represented by the amplitude 
measured at the location of that morphological feature on 
cardiac signal 650. The extracted sets of morphological fea 
tures are represented by feature vectors f(1), f(2), . . . f(n). As 
shoWn in FIG. 8 for illustrative purpose only, f(i):[f l (i), f2(i), 
13(1), 12(1), f5(i)l- In general, KDIILU), 13(1), - - - 27(1)], Where 
p is the number of features extracted from each heart beat. 

FIG. 9 is a block diagram illustrating a sample entropy 
based tachyarrhythmia classi?cation module 924. Sample 
entropy-based tachyarrhythmia classi?cation module 924 is 
another speci?c embodiment of sample entropy-based tach 
yarrhythmia classi?cation module 224 and classi?es tach 
yarrhythmias by analyZing the morphological complexity of 
cardiac signal 650. Sample entropy-based tachyarrhythmia 
classi?cation module 924 includes signal input 326, a com 
plexity entropy computer 928, and an arrhythmia classi?er 
930. Complexity entropy computer 928 is a speci?c embodi 
ment of irregularity analyZer 328 and includes a sample 
entropy computer that performs method 400 by using the 
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10 
feature vectors f(1),f(2), . . . f(n) as sample points u(1), 

u(2), . . . u(n). The resultant complexity F (PC) or complexity 

sample entropy (SampEnC) indicates the dggree of morpho 
logical complexity of cardiac signal 650. Arrhythmia classi 
?er 930 classi?es the tachyarrhythmia indicated in cardiac 
signal 650 as one of tachycardia and ?brillation based on ITC 
or SampEnC. In one embodiment, cardiac signal 650 is 
indicative of tachyarrhythmia, arrhythmia classi?er 930 clas 
si?es the tachyarrhythmia as ?brillation if ITC is beloW a 
predetermined threshold yc or if SampEn exceeds a predeter 
mined threshold GC and as tachycardia if ITC exceeds yc or if 
SampEnC is below 00. In a speci?c embodiment, cardiac 
signal 650 is an electrogram indicative of atrial tachyarrhyth 
mia, arrhythmia classi?er 930 classi?es the atrial tach 
yarrhythmia as AF if ITC is beloW a predetermined threshold 
yc or if SampEnC exceeds a predetermined threshold 00 and 
asAFL if ITC exceeds yc or if SampEnC is beloW 0 C. In another 
speci?c embodiment, cardiac signal 650 is an electrogram 
indicative of ventricular tachyarrhythmia, arrhythmia classi 
?er 930 classi?es the ventricular tachyarrhythmia as VP if ITC 
is beloW a predetermined threshold yc or if SampEnC exceeds 
a predetermined threshold 00 and as VT if ITC exceeds yc or if 
SampEnC is below 00. 

Arrhythmia Classi?cation Based on SampEn, and SampEnC 
FIG. 10 is a block diagram illustrating a sample entropy 

based tachyarrhythmia classi?cation module 1024, Which is a 
speci?c embodiment of sample entropy-based tachyarrhyth 
mia classi?cation module 224 as Well as a speci?c embodi 
ment of arrhythmia classi?cation module 324. Sample 
entropy-based tachyarrhythmia classi?cation module 1024 
includes signal input 326, an irregularity entropy computer 
1027, a complexity computer 1028, and an arrhythmia clas 
si?er 1030. 

Irregularity entropy computer 1027 is a speci?c embodi 
ment of irregularity entropy computer 727. In one embodi 
ment, irregularity entropy computer 1027 computes I“, as an 
irregularity parameter indicative of the cycle length irregu 
larity of the cardiac signal received by signal input 326. The 
parameter I“, is related to SampEn, by SampEn,:—InI“,. 
Irregularity entropy computer 1027 includes a cycle length 
detector 1040 and a sample entropy computer 1032A. Cycle 
length detector 1040 measures nl successive cycle lengths, 
d(1), d(2), . . . d(nl), from the cardiac signal. For the purpose 
of calculating IT’, in one embodiment, the number of samples 
n1 is a predetermined number in a range of approximately 20 
to 50, With approximately 20 being a speci?c example. In 
another embodiment, the nl successive cycle lengths is mea 
sured during a predetermined duration t1. The number n1 is 
therefore a function of t1 and the heart rate, given as nlzRtl/ 
60, Wherein R is the heart rate in beats per minute (bpm) and 
t1 is given in seconds. Duration tl is in a range of approxi 
mately 5 seconds to 20 seconds, With approximately 10 sec 
onds being a speci?c example. In another embodiment, nl or 
tl is user-programmable. Sample entropy computer 1032A 
includes sample entropy computer 532 to compute F using 
u(1), u(2), . . .u(n), Wheren:n1, ITIIIT, and u(1):d(1), u(2):d 
(2), . . . u(nl):d(nl). For the purpose of calculating IS’, the 
signal segment length m is a predetermined number in a range 
of approximately 2 to 5, With approximately 3 being a speci?c 
example, and the threshold r is a predetermined threshold in a 
range of approximately 0 to 1, With approximately 0.5 being 
a speci?c example. In one embodiment, m and/ or r are user 
programmable. In one embodiment, irregularity entropy 
computer 1027 further computes SampEn, as the irregularity 
parameter by using that relationship SampEn,:—InI“,. 
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Complexity entropy computer 1028 is a speci?c embodi 
ment of complexity entropy computer 928. In one embodi 
ment, complexity entropy computer 1028 computes PC as an 
complexity parameter indicative of the morphological com 
plexity of the cardiac signal received by signal input 326. The 
complexity parameter I“, is related to SampEnC by 
SampEnC:—InI“C. Complexity entropy computer 1028 
includes a feature extractor 1042, a feature vector generator 
1043, and a sample entropy computer 1032B. Feature extrac 
tor 1042 extracts p morphological features, fl(i), f2(i), . . . 
fp(i), from each heart beat i of I12 heart beats in the cardiac 
signal, Where léiénz For the purpose of calculating PC, in 
one embodiment, the number of samples n2 is a predeter 
mined number in a range of approximately 10 to 50, With 
approximately 10 being a speci?c example. In another 
embodiment, the n2 successive cycle lengths is measured 
during a predetermined duration t2. The number n2 is there 
fore a function of t2 and the heart rate, given as nZzRtZ/ 60, 
Wherein R is the heart rate in bpm and t2 is given in seconds. 
Duration t2 is in a range of approximately 5 seconds to 20 
seconds, With approximately 5 seconds being a speci?c 
example. In another embodiment, n2 or t2 is user-program 
mable. The number of morphological features p is a prede 
termined number in a range of approximately 4 to 10, With 
approximately 5 being a speci?c example. Feature vector 
generator 1043 produces n2 feature vectors associated With n2 
successive heart beats, f(1), f(2), . . . f(n2), Where f(i):[fl(i), 
f2(i), . . . fu(i)] for each léiénz. Sample entropy computer 
1032B includes sample entropy computer 532 to compute F 
using u(1), u(2), . . . u(n), Where n:n2, TGIF, and u(1):f(1), 
u(2):f(2), . . . u(n2):f(n2). For the purpose of calculating PC, 
the signal segment length m is a predetermined number in a 
range of approximately 2 to 5, With approximately 3 being a 
speci?c example, and the threshold r is a predetermined 
threshold in a range of approximately 0 to 1, With approxi 
mately 0.7 being a speci?c example. In one embodiment, m 
and/ or r are user-programmable. In one embodiment, com 
plexity entropy computer 1028 further computes SampEnC as 
the complexity parameter by using that relationship 
SampEnC:—InI“C. 

Arrhythmia classi?er 1030 is a speci?c embodiment of 
arrhythmia classi?er 330 and includes an irregularity com 
parator 1045 and a complexity comparator 1046. Irregularity 
comparator 1045 compares the irregularity parameter to a 
predetermined irregularity threshold and indicates a detection 
of irregularity based on an outcome of the comparison. Com 
plexity comparator 1046 compares the complexity parameter 
to a predetermined complexity threshold and indicates a 
detection of complexity based on an outcome of the compari 
son. Arrhythmia classi?er 1030 classi?es a tachyarrhythmia 
episode indicated by the cardiac signal based on Whether the 
detection of irregularity and/or the detection of complexity 
are indicated. In one embodiment, arrhythmia classi?er 1030 
classi?es the tachyarrhythmia episode as ?brillation if at least 
one of the detection of irregularity and the detection of com 
plexity is indicated and as tachycardia if none of the detection 
of irregularity and the detection of complexity is indicated. 

In a speci?c embodiment, arrhythmia classi?er 1030 clas 
si?es the tachyarrhythmia episode indicated by the cardiac 
signal based on I“, and PC. Irregularity comparator 1045 com 
pares I“, to a predetermined irregularity threshold y, and indi 
cates a detection of irregularity if I“, is beloW y]. Complexity 
comparator 1046 compares FCto a predetermined complexity 
threshold Y0 and indicates a detection of complexity if PC is 
beloW yc. In another speci?c embodiment, arrhythmia clas 
si?er 1030 classi?es the tachyarrhythmia episode indicated 
by the cardiac signal based on SampEn, and SampEnC. 
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12 
Irregularity comparator 1045 compares SampEn, to a prede 
termined irregularity entropy threshold 0, and indicates a 
detection of irregularity if SampEn, exceeds 0,. Complexity 
comparator 1046 compares SampEnC to a predetermined 
complexity entropy threshold 00 and indicates a detection of 
complexity if SampEnC exceeds 00. 

In a speci?c embodiment, in Which the cardiac signal is 
indicative of an atrial tachyarrhythmia episode, arrhythmia 
classi?er 1030 classi?es the atrial tachyarrhythmia episode as 
AF if at least one of the detection of irregularity and the 
detection of complexity is indicated and as AFL if none of the 
detection of irregularity and the detection of complexity is 
indicated. In another speci?c embodiment, in Which the car 
diac signal is indicative of a ventricular tachyarrhythmia epi 
sode, arrhythmia classi?er 1030 classi?es the ventricular 
tachyarrhythmia episode as VP if at least one of the detection 
of irregularity and the detection of complexity is indicated 
and to classify the arrhythmia episode as VT if none of the 
detection of irregularity and the detection of complexity is 
indicated. 

FIG. 11 is a How chart illustrating an embodiment of a 
method 1100 for classifying tachyarrhythmias based on cycle 
length irregularity and morphological complexity of a cardiac 
signal. In one embodiment, method 1100 is performed by 
arrhythmia classi?cation module 324. 
A cardiac signal indicative of an arrhythmia episode is 

received at 1110. An irregularity parameter indicative of the 
degree of cycle length irregularity of the cardiac signal is 
computed at 1120. A complexity parameter indicative of the 
degree of morphological complexity of the cardiac signal is 
computed at 1130. In one embodiment, steps 1120 and 1130 
are performed substantially simultaneously. In another 
embodiment, steps 1120 and 1130 are performed sequen 
tially. The arrhythmia episode is classi?ed based on the 
irregularity parameter and the complexity parameter at 1140. 

FIG. 12 is a How chart illustrating an embodiment of a 
method 1200 for classifying tachyarrhythmias using sample 
entropy. Method 1200 is a speci?c embodiment of method 
1100. In one embodiment, method 1200 is performed by 
sample entropy-based tachyarrhythmia classi?cation module 
1024. 
A cardiac signal indicative of a tachyarrhythmia episode is 

received at 1210. In one embodiment, the cardiac signal is an 
electrogram indicative of an atrial tachyarrhythmia episode. 
In another embodiment, the cardiac signal is an electrogram 
indicative of a ventricular tachyarrhythmia episode. 
A total number of nl cycle lengths and a total number of I12 

heart beats are extracted from the cardiac signal at 1220. The 
nl cycle lengths and n2 heart beats are extracted from a seg 
ment of the cardiac signal based on Which the tachyarrhyth 
mia episode is to be classi?ed. The nl cycle lengths are used 
to produce an irregularity parameter indicative of the cycle 
length irregularity of the cardiac signal. The n2 heart beats are 
used to produce a complexity parameter indicative of the 
morphology complexity of the cardiac signal. 

To produce the irregularity parameter, nl cardiac cycle 
lengths, d(1), d(2), . . . d(nl), are produced at 1230 by mea 
suring from the cardiac signal, and a parameter I“, is com 
puted at 1235 using method 400, Which calculates F using n 
sample points, u(1), u(2), . . . u(n). For calculating I“, using 
method 400, n:nl, m:ml, and Fl‘l (Whereinnl, m1, and r1 are 
chosen for calculating Fl), 11:1“, and u(1):d(1), 
u(2):d(2), . . .u(nl):d(nl). The parameter l?lis the irregular 
ity parameter. 

To produce the complexity parameter, n2 feature vectors, 
f(1), f(2), . . . f(n2), are produced at 1240 by extracting p 
morphological features, fl(i), f2(i), . . . 1;,(i), from heart beati 
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for the 112 heart beats in the cardiac signal, and a parameter PC 
is computed at 1245 using method 400, Which calculates F 
using n sample points, u(1), u(2), . . . u(n). For calculating PC 
using method 400, n:n2, m:m2, and r:r2 (Wherein n2, m2, and 
r2 are chosen for calculating 17C), 170:1“, and u(1):f(1), u(2): 
f(2), . . . u(n2):f(n2). The parameter PC is the complexity 
parameter. 

In one embodiment, as illustrated in FIG. 12, the irregular 
ity parameter, 17,, is compared to a predetermined irregularity 
threshold y], and the complexity parameter, 170, is compared 
to a predetermined complexity threshold yc, at 1250. If at 
least one of (FI<YI) and (FC<YC) is true, the tachyarrhythmia 
episode is classi?ed as ?brillation at 1260. If none of (FI<YI) 
and (FC<YC) is true, the tachyarrhythmia episode is classi?ed 
as tachycardia at 1265. In a speci?c embodiment, in Which the 
cardiac signal is the electrogram indicative of the atrial tach 
yarrhythmia episode, if at least one of (FI<YI) and (FC<YC) is 
true, the atrial tachyarrhythmia episode is classi?ed as AF at 
1260. If none of (FI<YI) and (FC<YC) is true, the atrial tach 
yarrhythmia episode is classi?ed as AFL at 1265. In another 
speci?c embodiment, in Which the cardiac signal is the elec 
trogram indicative of the ventricular tachyarrhythmia epi 
sode, if at least one of (I7,<y,) and (FC<YC) is true, the ven 
tricular tachyarrhythmia episode is classi?ed as VP at 1260. If 
none of (I7,<y,) and (FC<YC) is true, the ventricular tach 
yarrhythmia episode is classi?ed as VT at 1265. 

In another embodiment, an index I is generated at 1250 as 
a function of I“, and 17C and compared to a predetermined 
threshold k. That is, I:f(I7I, 17C), Where f is a linear or nonlin 
ear function. In a speci?c embodiment, the tachyarrhythmia 
episode is classi?ed as ?brillation at 1260 if I exceeds k and 
as tachycardia at 1265 if I does not exceed k. In another 
speci?c embodiment, the tachyarrhythmia episode is classi 
?ed as ?brillation at 1260 if I does not exceed k and as 
tachycardia at 1265 if I exceeds k. 

Method 1200 as illustrated in FIG. 12 Was applied to clas 
sify an atrial tachyarrhythmia episode using a cardiac signal 
recorded during a knoWn AFL episode and another cardiac 
signal recorded during a known AF episode. Using tl:l5 
seconds, m1:2, and r1:0.25 to compute I“, for both cardiac 
signals, the 1“, associated With AFL is 0.5278, and the 1“, 
associated With AF is 0.4717. Using t2:l5 seconds, m2:3, 
and r2:0.75 to compute I“, for both cardiac signals, the 17C 
associated WithAFL is 0.6835, and the 17C associated WithAF 
is 0.2500. 

FIG. 13 is a How chart illustrating a method 1300 for 
classifying tachyarrhythmias using sample entropy. Method 
1300 is a speci?c embodiment of method 1100. In one 
embodiment, method 1200 is performed by sample entropy 
based tachyarrhythmia classi?cation module 1024. Method 
1300 differs from method 1200 in that SampEn, instead of I“, 
is used for classifying tachyarrhythmias. That is, the param 
eter SampEn, is the irregularity parameter, and the parameter 
SampEnC is the complexity parameter. As illustrated in FIG. 
10, methods 1300 and 1200 both include steps 1210, 1220, 
1230, and 1240. 
The irregularity parameter, SampEn,, is computed at 1335 

using method 400, Which calculates SampEn using n sample 
points, u(1), u(2), . . . u(n). For calculating SampEn, using 
method 400, n:nl, m:ml, and 1:11 (Whereinnl, m1, and r1 are 
chosen for calculating SampEn,), SampEn,:SampEn, and 
u(1):d(1), u(2):d(2), . . . u(nl):d(nl). 

The complexity parameter, SampEnC, is computed at 1345 
using method 400, Which calculates SampEn using n sample 
points, u(1), u(2), . . . u(n). For calculating SampEnC using 
method 400, n:n2, m:m2, and Fr2 (Wherein n2, m2, and r2 are 
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chosen for calculating SampEnC), SampEnCISampEn, and 
11(1):i“(1),11(2):f(2), - - -11(I12):i“(n2) 

In one embodiment, as illustrated in FIG. 13, the irregular 
ity parameter, SampEn,, is compared to a predetermined 
irregularity threshold 0,, and the complexity parameter, 
SampEnC, is compared to a predetermined complexity 
threshold 0C, at 1350. If at least one of (SampEnI>0I) and 
(SampEnC>0C) is true, the tachyarrhythmia episode is clas 
si?ed as ?brillation at 1360. If none of (SampEnI>0I) and 
(SampEnC>0C) is true, the tachyarrhythmia episode is clas 
si?ed as tachycardia at 1365. In a speci?c embodiment, in 
Which the cardiac signal is the electrogram indicative of the 
atrial tachyarrhythmia episode, if at least one of 
(SampEnI>0I) and (SampEnC>0C) is true, the atrial tach 
yarrhythmia episode is classi?ed as AF at 1260. If none of 
(SampEnI>0I) and (SampEnC>0C) is true, the atrial tach 
yarrhythmia episode is classi?ed as AFL at 1265. In another 
speci?c embodiment, in Which the cardiac signal is the elec 
trogram indicative of the ventricular tachyarrhythmia epi 
sode, if at least one of (SampEn,>0,) and (SampEnC>0C) is 
true, the ventricular tachyarrhythmia episode is classi?ed as 
VP at 1260. If none of (SampEn,>0,) and (SampEnC>0C) is 
true, the ventricular tachyarrhythmia episode is classi?ed as 
VT at 1265. 

In another embodiment, an index I is generated at 1350 as 
a function of SampEn, and SampEnC and compared to a 
predetermined threshold k. That is, I:f(SampEnl, SampEnC), 
Where f is a linear or nonlinear function. In a speci?c embodi 

ment, the tachyarrhythmia episode is classi?ed as ?brillation 
at 1360 if I exceeds k and as tachycardia at 1365 if I does not 

exceed k. In another speci?c embodiment, the tachyarrhyth 
mia episode is classi?ed as ?brillation at 1360 if I does not 
exceed k and as tachycardia at 1365 if I exceeds k. 

In General 
Sample entropy is speci?cally discussed in this document 

as an example for analyZing the cycle length irregularity 
and/or morphological complexity of a cardiac signal. It is to 
be understood, hoWever, that other parameters indicative of 
the cycle length irregularity and/ or morphological complex 
ity are also useable in classifying arrhythmias according the 
present subject matter. Such other parameters include, but are 
not limited to, parameters representing or related to approxi 
mate entropy. For example, an irregularity approximate 
entropy, ApEnI, or a parameter related to the ApEn,, can be 
computed and used as the irregularity parameter discussed in 
this document; a complexity approximate entropy, ApEnC, or 
a parameter related to the ApEnC, can be computed and used 
as the complexity parameter discussed in this document. 

It is to be understood that the above detailed description is 
intended to be illustrative, and not restrictive. For example, 
various embodiments of system and method for cardiac 
arrhythmia classi?cation as discussed in this document are 
not limited to applications in an implantable medical device, 
but may be incorporated into any arrhythmia analysis system, 
such as a computer program for analyZing pre-collected car 
diac data. Other embodiments Will be apparent to those of 
skill in the art upon reading and understanding the above 
description. The scope of the invention should, therefore, be 
determined With reference to the appended claims, along With 
the full scope of equivalents to Which such claims are entitled. 

What is claimed is: 
1. A system for classifying cardiac arrhythmias, the system 

comprising: 
a signal input to receive a cardiac signal indicative of a 

detected arrhythmia episode; 










